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PHENIX measurements are presented for the cross section and double-helicity asymmetry (ALL)
in inclusive π0 production at midrapidity from p+p collisions at
√
s = 510 GeV from data taken
in 2012 and 2013 at the Relativistic Heavy Ion Collider. The next-to-leading-order perturbative-
quantum-chromodynamics theory calculation is in excellent agreement with the presented cross
section results. The calculation utilized parton-to-pion fragmentation functions from the recent
DSS14 global analysis, which prefer a smaller gluon-to-pion fragmentation function. The π0ALL re-
sults follow an increasingly positive asymmetry trend with pT and
√
s with respect to the predictions
and are in excellent agreement with the latest global analysis results. This analysis incorporated
earlier results on π0 and jet ALL, and suggested a positive contribution of gluon polarization to the
spin of the proton ∆G for the gluon momentum fraction range x > 0.05. The data presented here
extend to a currently unexplored region, down to x ∼ 0.01, and thus provide additional constraints
on the value of ∆G.
PACS numbers: 13.85.Ni,13.88.+e,14.20.Dh,25.75.Dw
In the late 1980s, the EMC experiment [1] showed that
the spins of quarks and anti-quarks might contribute only
a fraction of the proton spin (about 1/3 from the recent
global analyses of world spin polarized scattering data [2–
6]). This sparked several decades of world-wide effort to
understand the proton spin structure in terms of quark
and gluon polarizations and their orbital angular momen-
tum, as evidenced by experimental programs at CERN,
SLAC, DESY, JLAB, and BNL.
A key component of the Relativistic Heavy Ion Collider
(RHIC) Spin program is the determination of the gluon
spin contribution to the spin of the proton. High energy
polarized proton collisions provide direct access to the
gluon polarization ∆G within the proton through sev-
eral gluon dominated hard scattering processes, such as
high pT jet and hadron production [7]. RHIC results on
the double helicity asymmetry ALL in inclusive pi
0 pro-
duction at
√
s = 62.4 and 200 GeV from PHENIX [8–11]
and jet production at
√
s = 200 GeV from STAR [12, 13]
have made a significant contribution to the ∆G deter-
mination [2, 3]. Inclusion of the recent RHIC results
from
√
s = 200 GeV data collected in 2009 [14, 15]
in the global next-to-leading-order (NLO) perturbative-
quantum-chromodynamics (pQCD) analysis provided ev-
idence for positive gluon polarization within the proton,
with the integral of ∆G(x,Q2 = 10 GeV2) in the gluon
momentum fraction x > 0.05 being 0.20+0.06−0.07 at 90%
C.L. [16]. The RHIC high luminosity data at
√
s = 510
GeV allow probing ∆G in the overlapping x range at
higher momentum transfer, and extends our understand-
ing of ∆G to the unexplored lower x region.
In this Letter, we present the PHENIX pi0 ALL re-
sults at
√
s = 510 GeV from the RHIC 2012 and 2013
data sets, with an integrated luminosity of 20 and 108
pb−1, respectively. We also present and discuss our
results on pi0 unpolarized cross section measurements,
which serve as an important test for the applicability of
the NLO pQCD theory calculations in the accessed kine-
matic range. The theory is used to connect the measured
asymmetries to gluon polarization in the proton [2, 3, 16].
The PHENIX experimental setup is described else-
where [17]. In this analysis, pi0s were reconstructed via
pi0 → γγ decays using a highly-segmented electromag-
netic calorimeter (EMCal), covering a pseudorapidity
range of |η| < 0.35. The EMCal comprises two calorime-
ter types, a lead-scintillator (PbSc) sampling calorime-
ter and a lead-glass (PbGl) Cˇerenkov calorimeter, with
granularity ∆η ×∆φ ∼ 0.011× 0.011 and 0.008× 0.008,
respectively. Eight EMCal sectors (six PbSc and two
PbGl) are located in two nearly back-to-back arms each
covering ∆φ ∼ 90◦ in azimuth. The PHENIX EMCal
also generates a high pT photon (HPP) trigger when the
deposited energy in any set of 4×4 towers exceeds a pre-
defined threshold. Thin multiwire proportional cham-
4bers located in front of the EMCal were used as a veto
to suppress the charged hadron background in pi0 recon-
struction [14]. Beam-beam counters (BBC), positioned
at ±144 cm from the nominal interaction point along
the beam line and covering η = ± 3.0–3.9, defined the
minimum-bias (MB) collision trigger and determined the
location of the collision vertex. Only events with col-
lision vertices within ±10 cm (±30 cm) of the nominal
interaction point were used in the cross section (asymme-
try) analysis. The BBCs were also used to calculate the
integrated luminosity of the collected data sample and
relative luminosity between colliding bunches with differ-
ent spin configurations. Zero-degree calorimeters (ZDC),
located at ±18 m and covering |η| > 6, were used as
another relative luminosity monitor. Equipped with a
shower-maximum detector, the ZDC also provided moni-
toring of the transverse polarization component of collid-
ing bunches in the PHENIX interaction region, utilizing
the azimuthal asymmetry in forward neutron production
in transversely polarized p+p collisions [18].
As described in detail in Ref. [9], pi0s were recon-
structed from two-photon invariant mass distributions.
A time of flight cut and shower profile evaluation (en-
ergy distribution among EMCal towers) were used for
photon identification. A minimal photon energy cut of
0.3 GeV and an energy asymmetry between the two pho-
tons α = |E1 − E2|/(E1 + E2) < 0.8 were applied. The
pi0 peak width in the invariant mass distribution varied
between 9 and 12 MeV/c2 over the measured pT range.
The resulting background fraction in the mass window of
±25 MeV/c2 around the pi0 peak varied from ∼20% at
pT ∼2 GeV/c to <8% at pT > 5 GeV/c. The two decay
photons start merging in the PbSc (PbGl) EMCal at pi0
pT > 10 GeV/c (> 15 GeV/c). A 50% merging prob-
ability is reached at pT ∼ 17 GeV/c (25 GeV/c) in the
PbSc (PbGl), as shown in Fig. 1. For pT > 24 GeV/c,
the majority of photon pairs are merged in the PbSc; in
this pT range, only the PbGl data were used.
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FIG. 1. (color online) The probability for two photons from
π0 decay to be separated by the PHENIX EMCal clustering
algorithm vs π0 pT ; obtained from geant [19] simulation for
the two-photon energy asymmetry cut α < 0.8.
The invariant differential cross section for pi0 produc-
tion is calculated as
E
d3σ
dp3
=
1
L ·
1
2pip∗
T
· C ·N
∆pT∆y
, (1)
where N is the number of pi0’s observed in a ∆pT wide
bin at p∗
T
defined as the pT for which the cross section
equals its average over the bin; ∆y is the rapidity range;
C includes corrections for trigger efficiency, geometrical
acceptance, pi0 reconstruction efficiency, and detector res-
olution effects; L is the integrated luminosity for the an-
alyzed data sample.
Two data samples were used for the pi0 cross section
measurements, one collected with a MB trigger and the
other with the HPP in coincidence with MB trigger. The
MB trigger efficiency was obtained from the data col-
lected with a dedicated HPP trigger operated without
coincidence with MB trigger, and found to be 0.91±0.01
independent of pT . It accounts for the fact that only a
fraction of inelastic p+p collisions producing pi0 meson(s)
fires the MB trigger. The HPP trigger efficiency vs pT
was calculated in each arm separately from a set of events
triggered by a high energy cluster in the opposite arm.
It showed a characteristic threshold behavior with effi-
ciency increasing from ∼1% at pT = 2 GeV/c to 93% at
pT > 8 GeV/c. For the cross section calculation, the MB
triggered data sample was used at pT < 6 GeV/c, and
HPP triggered data sample at higher pT .
The reconstructed pi0 yields in each pT bin were cor-
rected for geometrical acceptance, reconstruction efficien-
cies (e.g. due to the two-photon energy asymmetry cut),
and smearing effects (due to the finite detector resolu-
tions). The corrections were calculated with a simulation
containing the EMCal geometry, known detector ineffi-
ciencies, and photon energy and position smearing based
on the known EMCal resolutions.
The major systematic uncertainties in the pi0 cross
section measurement are the energy scale (1.2% uncer-
tainty in the EMCal energy calibration translates to ∼7%
in cross section uncertainty), energy nonlinearity (up to
10% for cross section depending on pT ), and merging
corrections (up to 30% in the bins with the highest prob-
ability for two photons to merge). The large uncertainty
at high pT reflects the sensitivity of the merging correc-
tion to shower-shape fluctuations and background condi-
tions for asymmetric two-photon decays, having higher
probability to survive the merging in the EMCal. The
other uncertainties, contributing <6% altogether, are re-
lated to pi0 yield extraction and background subtraction,
trigger efficiencies, geometrical acceptance calculation,
smearing corrections, and photon conversion. The un-
certainties are assigned separately for the PbSc and the
PbGl measurements.
A comparison of the results obtained from the PbSc
and the PbGl is a key cross check, because the two
calorimeters have a different response to hadrons (hence
5different background contamination in pi0 reconstruc-
tion), and considerably different merging corrections ver-
sus pT . The pi
0 cross section results from the PbSc and
the PbGl were in agreement within uncertainties in the
overlapping pT range. The final spectrum was obtained
from the combined PbSc and PbGl results, while for
pT > 24 GeV/c the PbGl results were used. The total
systematic uncertainties associated with the results vary
from 8–10% at pT < 14 GeV/c to ∼30% at the highest
pT .
The integrated luminosity L in Eq.(1) was calculated
from the accumulated number of MB triggers in the ana-
lyzed data sample normalized by the cross section of the
processes firing the MB trigger in p+p collisions. Similar
to our previous analyses [10, 20], the cross section was
defined using a vernier scan technique and found to be
32.5 mb with ±10% uncertainty.
In the 2013 RHIC run, the instantaneous luminosity
delivered to PHENIX was so high that up to a third
of all bunch crossings had more than one p+p collision.
To correct for this multiple-collision effect, we studied
the ratio of the pi0 yield to the number of MB triggers
(which is proportional to the measured N/L in Eq.(1))
as a function of instantaneous MB trigger rate.
Figure 2 shows the pi0 cross section versus pT compared
to NLO pQCD calculations performed with MSTW [21]
parton distribution functions (PDF) and DSS14 [22] frag-
mentation functions (FF). Compared to earlier FF anal-
ysis [23] the DSS14 recent global fit results preferred a
smaller fraction of pions produced from gluon hadroniza-
tion, driven mainly by the latest data from the Large
Hadron Collider. This theoretical calculation is in excel-
lent agreement with the presented data.
In 2012 and 2013, RHIC provided PHENIX with collid-
ing bunches of longitudinally polarized protons at
√
s =
510 GeV. The bunch spin pattern was predefined in such
a way that the colliding bunch pair helicity state alter-
nated every bunch crossing, spaced 106 ns apart. This
greatly suppressed the possibility of false asymmetries
between colliding bunches with different helicity config-
uration, due to variation in detector performance. To
remove possible systematic effects associated with partic-
ular bunch(es) in the process of filling, ramping up and
storing the beams in RHIC rings, eight bunch spin pat-
terns were used alternating every RHIC store, typically
lasting eight hours. Beam polarizations were measured
by RHIC polarimeters [24] three-to-four times during the
store. For the two RHIC collider rings, labeled “Blue”
(B) and “Yellow” (Y), the luminosity-weighted average
polarizations in 2012 (2013) were 〈PB〉 = 0.55 ± 0.02
(0.55± 0.02) and 〈PY 〉 = 0.57± 0.02 (0.56 ± 0.02). The
degree of longitudinal polarization in the PHENIX in-
teraction region was monitored by local polarimeters,
based on the ZDC and shower-maximum detectors, which
measured the residual transverse polarization of collid-
ing bunches. The longitudinal component PL/P in both
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FIG. 2. (color online) The neutral pion production cross sec-
tion at midrapidity in p+p collisions at
√
s = 510 GeV as a
function of pT and NLO pQCD calculations for theory scales
µ = pT /2 (dotted line), pT (solid line) and 2pT (dashed line),
with µ representing equal factorization, renormalization, and
fragmentation scales. Note that the error bars, representing
the combined statistical and point-to-point systematic uncer-
tainties, are smaller than the points. (bottom panel) Relative
difference between the data and theory for the three theory
scales. Experimental uncertainties are shown for the µ = pT
curve.
2012 and 2013 was > 0.998, for both RHIC rings.
The pi0 ALL analysis technique is described in detail in
Ref. [14]. The ALL for inclusive pi
0 production, defined as
the difference between cross sections for colliding bunches
with the same helicity and opposite helicity, divided by
the sum, is experimentally calculated as
Api
0
LL =
1
PB · PY ·
N++ −R ·N+−
N++ +R ·N+− ; R =
L++
L+−
, (2)
where N is the number of pi0’s from the colliding bunches
with the same (++) and opposite (+−) helicities, R is
the relative luminosity between bunches with the same
and opposite helicities, and PB and PY are the two RHIC
beam polarizations.
The pi0 yields were extracted from the HPP triggered
sample in which the maximal energy photon of each pair
candidate was explicitly required to fire the HPP trigger.
This test, along with a time-of-flight cut, suppressed the
6possibility of contamination from the neighboring bunch
crossings to a negligible level. As in the cross section
analysis, the pi0 candidates were counted within a ±25
MeV/c2 window around the pi0 peak in the two-photon
invariant mass distribution. The ALL was then corrected
for the background ALL measured in the side bands on
either side of the pi0 peak; this background asymmetry
was found to be consistent with zero in all pT bins.
The relative luminosity R was defined from the number
of MB triggers in each bunch crossing, and cross checked
using the number of collisions firing the ZDCs on both
sides of the IR. The pile-up correction due to the high
collision rate had a negligible effect on R. The result-
ing contribution of the relative luminosity uncertainty to
Api
0
LL
for the 2012 (2013) data was δApi
0
LL
|R = 2.0 × 10−4
(3.8× 10−4), affecting all pT bins in the same way.
ALL was measured for each PHENIX data taking seg-
ment (up to 90 minutes long) to minimize the systematic
effects from variation in R, beam polarization (decreasing
during a store by ∆P=0.005–0.010 per hour), and HPP
trigger performance. These asymmetries were averaged
separately for the 2012 and 2013 data. Results from 2012
and 2013 were consistent within statistical uncertainties
and the final result presented in this Letter is the average
of these data sets.
The resulting pi0 ALL systematic uncertainties are
(a) a correlated uncertainty from relative luminosity of
3.6×10−4, (b) a correlated uncertainty from polarization
measurements of 6.5% (scale uncertainty), and (c) point-
to-point uncertainty from background fraction determi-
nation under the pi0 peak in the two-photon invariant-
mass distribution. The point-to-point uncertainties were
found to be smaller than 10% of the statistical uncer-
tainty in all pT bins. As in the previous PHENIX anal-
ysis [14], the contribution of other potential sources of
systematic uncertainties was negligible.
Figure 3 shows the pi0 ALL asymmetries at
√
s = 510
GeV compared with the DSSV14 calculation [16] based
on a global fit of the world helicity asymmetry data.
Comparing the data to the DSSV14 curve we obtain
χ2/NDF=8.0/14, while comparing to the ALL = 0 hy-
pothesis we obtain χ2/NDF = 18.2/14; the data prefer
the DSSV14 curve by a little more than 3 standard de-
viations.
Figure 4 shows pi0 ALL data from PHENIX at both√
s = 200 GeV [14] and 510 GeV, along with NLO pQCD
analyses from three groups [5, 6, 16]. All three analyses
predict an increase in pi0 ALL at the same xT due to
pQCD evolution, with xT = 2pT /
√
s. Our data is con-
sistent with such an increase.
In summary, we have presented the unpolarized cross
section and double helicity asymmetry for pi0 production
at midrapidity for p+p collisions at
√
s = 510 GeV. The
NLO pQCD calculation is in excellent agreement with
the presented cross section results. The calculation uti-
lized the recent DSS14 set of fragmentation functions,
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FIG. 3. (color online) ALL vs pT for π
0 production at midra-
pidity in p+p collisions at
√
s = 510 GeV. Error bars are
combined statistical and point-to-point systematic uncertain-
ties. The ALL = 0 (yellow) line is uncertainty from relative
luminosity. The theoretical curve with 90% C.L. band (green)
is from a DSSV14 calculation [16].
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200 GeV: Run6-9 (PRD90,012007)
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Theory curves: LSS10p (dashed), DSSV14 (solid) and NNPDF1.1 (dotted)
FIG. 4. (color online) ALL vs xT for π
0 production at midra-
pidity at
√
s = 200 GeV (blue) from [14] and 510 GeV (red)
from this analysis. Error bars are combined statistical and
point-to-point systematic uncertainties. Note that the rela-
tive luminosity uncertainties from two data samples are about
the same, hence are indistinguishable in the plot in the over-
lapping xT range. Theoretical curves are from recent NLO
global analyses [5, 6, 16], with the lower curves (blue) for√
s = 200 GeV and the higher curves (red) for
√
s = 510 GeV.
7which prefer the reduced fraction of pions produced from
gluon hadronization. The pi0 ALL results follow a posi-
tive asymmetry trend with pT and
√
s predicted by NLO
pQCD and are in excellent agreement with the latest
global fit results, which suggested a nonzero gluon po-
larization in the proton for the gluon momentum frac-
tion range x > 0.05. These global fit results included
RHIC pi0 ALL data at
√
s = 62.4 GeV and 200 GeV
and jet ALL data at
√
s = 200 GeV. The presented data
at
√
s = 510 GeV extend the x range probed down to
x ∼ 0.01 and provide an additional constraint on ∆G in
this x range [25], which is a crucial step in the nearly
two decades of world-wide efforts to understand the con-
tribution of gluon polarization to the spin of the proton.
We note the recent pi0 ALL results at
√
s = 200 GeV
and forward pseudorapidity 0.8 < η < 2 from STAR
covering the gluon x range down to x ∼ 0.01 (although
with large uncertainties) [26]. Data collected by PHENIX
with forward EMCal at pseudorapidity 3.1 < η < 3.9 and√
s = 510 GeV will further extend the x range probed
down to x ∼ 0.001.
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